A corn silage harvester using a shredding/crushing mechanism was designed, fabricated, and tested during two harvesting seasons with the objective of improving the feed value of corn silage. Two pairs of toothed rolls turning at different speeds shredded whole-plant corn. Corn stalks were shredded, kernels were broken, and cobs were crushed. Average specific energy required to shred whole-plant corn ranged from 2.5 to 5.9 kWh/Mg DM. Average specific energy for an added flail cutter/blower ranged from 2.0 to 4.7 kWh/Mg DM for a total harvester specific energy requirement of 4.5 to 10.6 kWh/Mg DM. Average specific energy requirements for shredding varied significantly among different roll speed treatments at a unit roll force of 15 N/mm (front and rear), but no significant effect of roll speed configuration was found at other unit roll forces. Packed density was lower for shredded silage than for chopped silage, but shredded and chopped samples both ensiled well with pH values of 3.8 to 4.1 after fermentation. Particle size distributions of shredded and flail-cut samples were similar at moisture levels of 60% and 65% w.b.; however, the 70% moisture crop was coarser. Shredding produced fewer small particles (<9 mm) and more large particles (>9 mm) than chopping, while shredded and flail-cut samples had more small particles and more large particles than chopped samples.
. Adequate forage roughage and proper physical and chemical traits are necessary for proper ruminal function in dairy cows. When minimum effective fiber levels are not met, cows often exhibit metabolic disorders including reduced total DM digestibility, reduced milk fat, displaced abomasums, and an increase in the incidence of laminitis, acidosis, and fat cow syndrome (Nocek, 1997; Armentano and Pereira, 1997; Owens et al., 1998) . Effective fiber is an interaction between chemical fiber measured as neutral detergent fiber (NDF) and particle size.
Shredding of herbage crops to split stems and increase surface area has been shown to be beneficial as it enhances fermentation, improves intake, and facilitates ruminal degradation of forage fiber (Koegel et al., 1992; Petit et al., 1994; Charmley et al., 1997) . In a simulation study, Rotz et al. (1999) predicted that kernel processing of corn silage could increase farm profitability by providing about a 2% increase in milk production and a $50/cow increase in annual net return.
If it were possible to increase forage surface area, yet maintain physical length for effective fiber, perhaps a much better feed could be generated. In their review of the nutritive value of processed corn silage, Johnson et al. (1999) concluded that mechanical forage processing provided forage that ensiled more quickly and had less DM loss during ensiling; digestibility of starch and fiber and milk production were increased.
Besides the nutritive benefits, processing may require less energy than chopping and produce a feed that is easier to pack. Shinners et al. (1987a) concluded that longitudinal shear energy was about 10% of transverse shear energy per unit area in alfalfa maceration. Maceration facilitated compaction in that macerated material was more compliant (Hintz et al., 1999; Shinners et al., 1987b) . The released juice and starch of kernels may also make more sugar and starch available for fermentation. With the objective of making corn silage without chopping, an experimental prototype harvester was developed. The specific objectives addressed in this article are: S To design and fabricate a forage harvester that shreds with narrow clearance rolls and subsequently cuts and blows with a flail. S To evaluate the effect of processing roll configuration on energy consumption, particle size, and compaction of the processed whole-plant corn. S To evaluate the effect of flail configurations on energy consumption and the particle size of the processed wholeplant corn.
DESIGN OF THE HARVESTER SHREDDING MECHANISM
A two-row forage harvester (New Holland model 718) provided the base unit with four feeding rolls and a cutting cylinder. The cutting cylinder was removed and replaced by two pairs of 152 mm diameter processing rolls. Crop material was crushed and shredded between the nip points of the two sets of rolls. The flail cutting/blowing mechanism was added after the shredding roll system was field tested. Both the shredding rolls and the flail cutting/blowing mechanism were driven hydraulically to allow easy speed adjustment.
The two pairs of rolls were arranged to convey shredded material upward (figs. 1 and 2). The rolls were loaded by compression springs, and the minimum spacing between the rolls and the roll unit forces were adjustable. Within each pair of rolls, whole corn plants were subjected to shear forces caused by the differential speed of teeth on the roll surfaces and compressive forces caused at the nip points of the roll pairs. Between the two sets of rolls, plants were subjected to tensile stress.
The outer surfaces of the four processing rolls were grooved parallel to the axis of rotation; the V-shaped grooves were spaced 6.1 mm apart with a 60° angle and a depth of 5.7 mm. Two compression springs (spring constant of 272 N/mm) at each shaft end allowed vertical displacement of both rolls that adjusted to the variable thickness of material passing between the rolls. Hydraulic motors powered the rolls. Minimum clearance within a roll pair was adjustable from 1 to 15 mm. The centerline of the front pair of rolls was at a 15° angle to the horizontal line, and the rear pair was at a 15° angle to the front pair, so shredded forage was discharged at an angle of 30° from horizontal. The distance between the nip points of the rolls was fixed at 330 mm, the shortest distance allowed by the physical constraints of the roll and bearing support brackets.
A pair of PTO-driven hydraulic tandem gear pumps generated flow to power four hydraulic motors connected to each of the four rolls (Cauffman, 2002) . Each pump powered two hydraulic motors in series, which corresponded to one pair of rolls. The four fixed displacement hydraulic gear motors were identical. The flow rate to the motors was adjusted using flow control valves to obtain different roll speeds; the bottom rolls of each pair always had the higher speed. Directional control valves were used to reverse the rolls in case of plugging. Counterbalance valves were used to set pressure loading to the two motors that drove each of the two slower rolls; these ensured a speed differential within pairs to avoid overrunning of the slower rolls (Zhang, 2002) .
FLAIL CUTTING MECHANISM
The cutter/blower was added after initial tests to reduce length of long forage segments and help propel harvested material. The mechanism had four pins each with up to six flails ( fig. 1 ; Sword, 2002 ). The flail system was driven directly by a hydraulic motor, which was powered by the tractor hydraulic system. The rotational speed was controlled by adjusting the flow control valve of the tractor hydraulic system.
Tip speed of the cutter/blower was crucial for conveying forage to a trailing wagon. Chattopadhyay and Pandey (2001) determined that 40 m/s was an optimal flail tip velocity to provide adequate blowing of maize; therefore, the 0.41 m diameter flail mechanism was required to rotate at least 1800 rpm. Upward cutting, similar to that utilized by Shinners et al. (1991) , was used in an attempt to reduce specific energy requirements of the forage harvester.
TESTING AND EVALUATION

TESTING OVERVIEW
Field experiments were carried out using whole-plant corn. Field experiments were done during two harvest seasons: fall 2000 and fall 2001. Three sets of experiments were completed on medium to low moisture corn forage (67% to 51% w.b.) in fall 2000; corn with moisture levels from 70% to 60% w.b. was tested in fall 2001. Factors studied included: roll speed differential, minimum roll clearance, unit roll force, crop moisture content, machine throughput, and flail configuration. Table 1 lists the target roll speed configurations tested; speed differences within roll pairs were chosen to bracket speed differentials of current crop processors (15% to 20%). Settings of minimum roll clearance for the rear pair was either 1 or 2 mm, which is comparable to recommendations for crop processors used after chopping . Minimum roll clearance settings for the front pair (10 or 15 mm) were chosen to allow whole ears to feed into the harvester. Unit roll forces for the front and rear roll sets were set to three values (low, medium, and high; 15, 30, and 45 N/mm, respectively) , which also cover the range of most current crop processors. Measures of performance included specific energy requirement, particle size distribution, and packed silage density.
Machine power requirements were estimated from the speeds of the hydraulic motors and the pressure drop across each motor. There was no adjustment for zero-flow power requirements. The power and energy were based on an assumed 85% mechanical efficiency of the hydraulic gear motors. A data logger (Campbell Scientific 21X) sampled at 0.25 Hz and recorded averaged data at 2 Hz from the speed sensors and pressure transducers. Machine throughput over the typical 100 m runs was estimated from travel time, travel distance, and crop yield. Crop yield was estimated with three replicate strips hand harvested in an area adjacent to the test strips. Specific energy was total machine power requirement divided by the throughput.
During fall 2000, two sets of experiments focused on the effect of machine configuration on energy consumption and particle size reduction; during a third experiment, samples were collected to make silage in laboratory-scale silos. The silage was examined for particle size distribution, packed density, and visually appraised quality. During 2001, the effects of crop moisture content, throughput, and roll speed configuration on machine energy consumption, particle size distributions, and packed silage density were investigated. For silage density and particle size evaluation, forage samples were collected with the flail cutting mechanism in place.
For each test condition, hydraulic motor speeds and pressures were recorded in three sessions (nominally 40 s each), and one bag of sample was collected. This was done in two steps. First, the three sessions of data were collected without stopping the machine. Second, the machine was stopped to have a plastic bag attached to the shredding chamber and then run for about 10 s to fill the bag. Particle size distribution was determined using the ASAE S424.1 particle separator (ASAE Standards, 2002b) . Packed density was determined using laboratory-scale silos compacted using a hydraulically powered packing device (Hoover, 1998) . Silage from the laboratory-scale silos was evaluated for pH.
EXPERIMENTS 1, 2, AND 3: PRELIMINARY SHREDDING TESTS
During experiment 1 (September 29, 2000) , whole-plant moisture content was 67% w.b. Experiment 1 included all four speed configurations (A, B, C, and D in table 1) and two unit roll forces (low and medium); the minimum roll clearance was set at 10 mm for the front rolls and 2 mm for the rear rolls.
During experiment 2 (October 6, 2000), crop moisture content was 62% w.b. Two roll speed configurations, A and C (table 1), were selected based on previous results. Minimum roll clearance was set to 10 mm for the front rolls and 1 mm for the rear rolls, while unit roll force for both pair of rolls was low, medium, and high for a total of six treatments in a first subset of experiments. In the second subset, unit roll force was high for the rear rolls and low for the front rolls, while the minimum roll clearance was 10 mm (front) and 2 mm (rear) for a total of two treatments. In the third subset of experiments, speed configurations B and D (table 1) were tested with minimum roll clearances of 10 mm (front) and 1 mm (rear), while unit roll force was set to values that worked well during prior testing (low front and high rear).
For experiment 3, the minimum roll clearance setting of 10 mm (front) and 1 mm (rear) was tested at all four speed configurations (A, B, C, and D in table 1). Experiment 3 was done on October 11, 2000, when whole-plant moisture content was 51% w.b.
EXPERIMENTS 4 AND 5: EFFECT OF MOISTURE CONTENT AND THROUGHPUT
Moisture level, tractor ground speed, roll speed configuration, and front roll clearance were varied in experiment 4. Two roll speed configurations (A and C in table 1) were examined. Minimum front roll clearances of 15 mm and 10 mm were examined at 65% and 60% w.b. moisture levels. Minimum front roll clearance was expanded to 15 mm when harvesting the 65% w.b. moisture crop in an attempt to improve material flow into the shredding rolls.
Factors varied in experiment 5 included roll clearance and moisture content. Four silos were packed for each experimental condition using the device and process developed by Hoover (1998) . In the beginning of the experiment, both shredded -only and shredded and flail-cut samples were collected to fill laboratory-scale silos. Later, the shreddedonly samples without cutting were deemed too long in particle size for practical storage in bunker silos or bag silos; therefore, only shredded and flail-cut samples were used to fill laboratory-scale silos. For the 70% w.b. moisture level, the rear set of rolls had a 2 mm roll clearance when the flail cutter was used. Later experiments showed that the 2 mm rear roll clearance produced very coarse particles, so the 2 mm setting was eliminated for 65% and 60% w.b. moisture levels. With the 1 mm clearance for the rear rolls, sample particles looked smaller, with the lower part of the stalks sliced into thin sections.
Samples were also collected from a conventional forage harvester to make laboratory-scale silos for comparison. Theoretical length of cut for the conventional chopper was set at 9.5 mm for all experiments. Four silos were packed for each moisture level.
EXPERIMENT WITH FLAIL CUTTER: EFFECT OF FLAIL CONFIGURATION AND CROP MOISTURE CONTENT
With whole-plant moisture targets of 70%, 65%, and 60% w.b., the rotor was tested at two different speeds: 1800 rpm and 2100 rpm. For each rotor speed, the number of flail impacts per revolution was varied to include 2, 3, and 4. For each setting, power data (estimated from speed and pressure drop across the hydraulic motor) were collected from three runs of approximately 40 s each.
Samples were collected for each machine setting for particle size analysis. Material collected in a trailed wagon was sub-sampled twice. Because the shredded corn has a very large proportion of long particles on the top screen of the ASAE particle size separator (ASAE Standards, 2002b) , this material was hand sorted into two piles: greater or less than 150 mm. On each day of harvest, moisture content of the sampled material was determined by oven drying at 103°C for 24 h ( ASAE Standards, 2002a) .
RESULTS AND DISCUSSION
Nearly 50 trials were run with the shredding harvester with various settings of roll speed difference, minimum roll clearance, whole-plant moisture, and throughput. Details of results are included in Zhang (2002) and Sword (2002) . Throughout the trials, it was evident that speed ratio treatments A and C (table 1) yielded better machine performance (less plugging). Kernels and cobs were completely broken, and the corn stalk and leaf (forage portion) were intensively shredded. Machine capacity appeared to be limited primarily due to poor feeding from the head and feed rolls and a poorly designed spout behind the flail cutter/blower; the rear processing rolls never plugged with the settings tested.
SPECIFIC ENERGY FOR SHREDDING
Specific energy for shredding ranged from 2.5 to 5.9 kWh/ Mg DM (0.88 to 1.88 kWh/Mg) over all conditions tested and averaged 3.6 kWh/Mg DM (1.29 kWh/Mg). Roberge et al. (1999) , with similar (relatively low) mass flow rates found that the specific energy for corn chopping, processing, and blowing was 6.6 kWh/Mg DM, with 1.2 kWh/Mg DM for processing. Comparatively, the 3.6 kWh/Mg DM average from this study does not include the flail cutting/blowing. Shinners et al. (2000) reported a total harvester specific energy of 2.2 to 2.7 kWh/Mg; the average 1.29 kWh/Mg for shredding only from this study suggests that even with supplementary cutting or blowing, the shredding plus flail cutting/blowing process should be energetically competitive. This is consistent with the observation of Shinners et al. (1987a) that longitudinal shear (shredding) takes less energy less than transverse shear (cutting).
On average, the rear roll pair required 76% more power than the front pair. The ratio of peak (95th percentile) to average power requirement ranged from 1.5 to 2.5 among the various runs, with an average of 1.9. While average specific energy reflects energy requirement, the peak determines the size of the power unit required. The relatively large peak -to-average ratio was likely due to the unsteady feeding from the head and feed rolls into the first pair of processing rolls. Correlation coefficients of the variables to specific energy required for shredding are listed in table 2. For the front roll pair, moisture and throughput were most highly correlated to specific energy required; for the rear pair, throughput, rear roll pressure, and rear roll minimum clearance were most highly correlated. Whether specific energy was expressed on a dry matter basis (kWh/Mg DM) or a wet material flow basis (kWh/Mg), the variables with strongest correlations to total shredding specific energy were throughput, rear roll pressure, and rear roll minimum clearance. Average specific energy requirement is plotted for many machine configurations in figures 3, 4, and 5 with these variables noted.
In addition to the correlation analysis, a linear regression analysis of specific energy was used to identify which independent variables explained significant portions of the specific shredding energy. For the front roll pair alone, moisture (p < 0.01) and throughput (p < 0.01) significantly affected specific energy. For the rear roll pair, throughput (p < 0.01) and rear roll minimum clearance (p < 0.10) were significant factors. For total specific energy on a dry matter basis, throughput (p < 0.01), rear roll pressure (p < 0.05), and rear roll minimum clearance (p < 0.10) were significant factors. With specific energy on a wet basis, moisture (p < 0.01), throughput (p < 0.01), rear roll pressure (p < 0.05), and rear roll minimum clearance (p < 0.10) were significant factors. An increase in specific energy due to low throughput, higher rear roll pressure, and lower rear roll minimum clearance can be seen in figures 3, 4, and 5.
SPECIFIC ENERGY FOR FLAIL CUTTING/BLOWING
Specific energy for the flail cutter/blower ranged from 2.0 to 4.7 kWh/Mg DM (0.51 to 1.2 kWh/Mg) ( fig. 6 ). Both moisture and flail speed were highly correlated to specific energy, but the number of flails was not (table 3) . Regression analysis indicated that moisture and flail speed significantly (p < 0.01) helped explain flail cut/blow specific energy. The ratio of peak (95th percentile) to average power requirement for the flail cutter/blower ranged from 2.0 to 3.0, with an average of 2.5. This large value was largely due to the poor feeding of the feed rolls into the first pair of processing rolls.
PARTICLE SIZE
Kernels and cobs from processed corn with the 1 or 2 mm rear roll clearance were completely broken, with no identifiable kernel pieces larger than approximately 1/4 kernel. All kernel and cob portions were smaller than 6 mm, falling through the fourth sieve of the ASAE S424.1 particle size separator (ASAE Standards, 2002b) . The fodder appeared more shredded (likely more surface area) with the 1 mm minimum roll clearance than with the 2 mm setting. Without any cutting, the harvested material was very heterogeneous. Corn stalks were shredded and torn apart, and ears were completely processed; however, leaves remained almost intact, and overall particle sizes were very long (>20 cm). Some sections of stalk remained unflattened. Analyses of particle sizes of shredded-only silage are included in Zhang (2002) but are not included here since the thinner and shorter material produced with the added flail cutter was deemed more suitable for commercial silage making. = Four flails at 2200 rpm, 15% within pair and 30% between pairs roll speed difference, 10 mm front and 2 mm rear roll clearance.
= 15% within pair and 30% between pairs roll speed difference, 10 mm front and 1 mm rear roll clearance.
= 30% within pair and 30% between pairs roll speed difference, 10 mm front and 1 mm rear roll clearance. = 60% four flails 2200 rpm, 15% within pair and 30% between pairs roll speed difference, 10 mm front and 1 mm rear roll clearance.
= 70% four flails 2200 rpm, 15% within pair and 30% between pairs roll speed difference, 10 mm front and 2 mm rear roll clearance.
= 60% chopped with 9.5 mm TLC.
= 70% chopped with 9.5 mm TLC.
= 65% chopped with 9.5 mm TLC. Figure 7 illustrates the particle size distribution of samples collected for laboratory-scale silos with a forage moisture content of 70% w.b. Between the two samples of shredded (without flail cutting) forage, roll speed configuration C produced more short particle mass than roll speed configuration A, but the two particle size distributions followed a very similar trend. The particle size distribution curve for flail-cut forage was similar to the curve for shredded forage with speed configuration C. Chopped forage and flail-cut forage had approximately the same amount of fine particles, with about 10% of sample mass smaller than 5.6 mm. Approximately 20% of sample mass was smaller than 9 mm in both chopped and flail-cut forage. For particles larger than 9 mm, flail-cut samples had more very large particles than chopped samples. About 45% of the sample mass was smaller than 26.9 mm in flail -cut forage versus about 90% in chopped forage. Figure 8 shows that chopped forage had the largest portion of small particles, while the particle size distributions of flail -cut forage and shredded forage were similar. In reality, the flail cutter significantly reduced large particles coming from the shredding rolls, but the data failed to show this reduction because, due to the sieve sizes of the ASAE separator (ASAE Standards, 2002b) , about the same percentage of large particles were left on the top feeder and the first screen for both flail-cut and shredded forages. Figure 8 shows the particle size distribution with hand separation of long particle mass for the corn harvested at 60% and 65% w.b. moisture. Particle size distribution of chopped samples was also included in the chart for comparison; the shredded silage has a much wider particle size distribution.
Chopped samples yielded very similar particle size distributions at all three moisture levels. Particle size distributions of flail-cut samples were similar between 60% and 65% w.b. moisture content, but the 70% w.b. moisture crop was most coarse. This difference is most likely due to the larger (2 mm rather than 1 mm) minimum clearance of the rear roll pair at this moisture. Compared to chopped corn, shredded corn had fewer particles smaller than 9 mm ( fig. 7) ; flail -cut corn had more fine particles (<9 mm) and more large (>19 mm) particles ( fig. 8 ). Results with 51% w.b. moisture crop in year 2000 also showed that shredding produced fewer fine particles and more large particles compared to chopping (Zhang, 2002) . Fine particles include grains, shredded cobs, and leaves. The use of a flail cutter increased the amount of fines while still leaving an abundance of long shredded particles.
SILAGE DENSITY
Despite the long length, the silage ensiled well in laboratory -scale silos; only small spots of mold were noticed on the outer surface of the lab silos. Minor molding such as this is common even with conventionally harvested samples. Both the smell and color of silage was normal. The pH of silage ranged from 3.8 to 4.1 after fermentation, indicating adequate fermentation. This is consistent with shredded silage stored in a horizontal bag silo as part of a related study (Sword and Buckmaster, 2002) ; it, too, fermented very well and experienced excellent animal acceptance.
Silage densities from laboratory-scale silos are shown in table 4. An analysis of variance of the density of both chopped and flail-cut samples showed that the interaction between moisture content and harvesting method was not significant (p < 0.05). For the main effects, both moisture content and harvesting method affected silage density. Tukey's Studentized range test was used to identify significant differences in levels (Devore, 1999, pp. 402-455) . There was no significant difference in silage density between 60% and 70% w.b. moisture; samples obtained at 65% w.b. moisture had significantly higher average density than those obtained at 60% and 70% w.b. moisture. Comparison between harvesting methods showed a significant difference between shredding plus flail cutting and chopping. Chopped silage had significantly (p < 0.05) higher densities (average 199 kg DM/m 3 ) than flail-cut silage (average 168 kg DM/m 3 ), but both were adequate for good ensiling.
CONCLUSIONS
The following conclusions can be drawn from this study: S The shredding forage harvester worked successfully in the field under various crop and machine conditions, but feeding into the front processing rolls was unsteady. The machine functioned best (least plugging) with speed differences of 30% between the roll pairs. S Specific energy required for shredding averaged 2.5 to 5.9 kWh/Mg DM for the conditions tested. Specific shredding energy was not significantly affected by front roll pressure, speed difference, or minimum front roll clearance. Specific shredding energy increased as throughput decreased, rear roll pressure increased, and rear roll minimum clearance decreased. S The average specific energy requirement for flail cutting/ blowing ranged from 2.0 to 4.7 kWh/Mg. Average specific energy of the flail cutter/blower tended to increase with increasing moisture content and flail tip speed. S Shredding alone (without flail cutting) produced fewer fine particles and more large particles compared to chopping. Compared to chopped samples, flail-cut samples had more fine particles and more large particles. The use of a flail cutter increased the amount of fines while still leaving an abundance of long shredded particles. S Shredded and flail-cut silage at 65% w.b. moisture had higher DM densities than shredded and flail-cut silage at 70% and 60% w.b. moistures. The density of shredded and flail -cut silage was approximately 80% of the density of chopped silage.
